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Abstract 


Niobium (Nb)-clad 304L stainless steel (SS) is currently under consideration for use as a bipolar plate material in polymer electrolyte membrane 
fuel cell (PEMFC) stacks. Because metal bipolar plates will likely be formed by stamping, the sheet-metal properties of this material were 
characterized in both the as-rolled and an optimized annealed condition via a series of bend and quasi-static tensile tests. Results from tensile 
testing demonstrate that annealing significantly softens and thereby improves the ductility of the material. Bend test results indicate that springback 
is nearly independent of the bend direction relative to rolling direction for both the as-rolled and annealed conditions. In the as-rolled condition, 
springback is also nearly independent of specimen orientation (i.e. whether the cladding layer is on the inside or outside of the bend). However, in 
the annealed condition, springback does depend on the cladding orientation relative to bending and was found in all cases to be substantially lower 
than that observed in the as-rolled condition. Microstructural analysis of the specimens indicates that two failure conditions can potentially arise, 
dependent on the thermomechanical condition of the material. In the as-rolled condition, failure initiates via fracture through the Nb cladding. In 
the annealed specimens, failure can occur by brittle fracture of an interfacial intermetallic layer that forms during the annealing treatment. This 
generates a series of crack-induced pores along the interface between the Nb cladding and the SS core, which eventually leads to ductile failure of 
the Nb cladding via localized necking. However, the conditions required for this phenomenon to take place are fairly extreme and can be readily 
avoided in practice. In general, the results suggest that to achieve acceptable stamping tolerances, the material should be annealed prior to forming 
and the bipolar plate flow channel pattern should be designed such that extreme levels of strain at the cladding/core interface are avoided to mitigate 
the potential for partial delamination within the material. 

Published by Elsevier B.V. 
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1. Introduction 


Despite significant technical progress made in recent years 
toward developing a commercially viable polymer electrolyte 
membrane fuel cell (PEMFC) system, the device currently finds 
commercial use in only niche applications [1]. Among the rea- 
sons for this are, the high cost of PEMFC stack manufacture and 
the steady loss in power output typically observed during long- 
term, continuous operation [2]. According to arecent assessment 
of PEMFC technology by the U.S. Department of Energy, “Fuel 
cells are currently five times more expensive than internal com- 
bustion engines and do not maintain performance over the full 
useful life of the vehicle [3].” Additional factors hindering the 
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acceptance of PEMFCs in transportation markets are their cur- 
rent size and weight [4], which limit the specific power that can 
be generated. For this technology to be competitive, cost reduc- 
tion and performance improvement must come from all aspects 
of PEMFC system design and manufacture. 

One of the most bulky components in the stack with respect 
to both weight and volume is the bipolar plate. In addition, it 
is one of the most expensive to manufacture. This component 
serves not only as the electrical junction between serially con- 
nected cells in the stack, but also performs several other key 
functions in the overall device, including [5]: distribute fuel and 
oxidant uniformly over the active areas of the cells; facilitate 
water management of the membrane to keep it humidified, yet 
mitigate flooding; act as an impermeable barrier between the fuel 
and oxidant streams (particularly H2) to maintain the hydrogen 
gradient across the membrane necessary for high power out- 
put; provide structural support for the stack; and remove heat 
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Table 1 
Thicknesses of Nb and SS used in cold roll bonding 


Materials Thickness prior to rolling (mm) Total thickness after final rolling (mm) Total nominal thickness strain 
Nb SS 

5Nb-clad 304L SS 1.27 24.13 0.254 —0.99 

10Nb-clad 304L SS 1.32 11.88 0.254 —0.98 


from the active areas of the cells. While various materials have 
been considered for use in this component [6-11], metals offer 
a number of intriguing design advantages particularly for auto- 
motive stack applications, including: low-cost, mass-production 
via stamping or embossing of sheet product; fabrication in very 
thin form (<150 pm) to reduce weight and volume in the over- 
all stack; impermeability to fuel, oxidant and water vapor; and 
in general, excellent thermal conduction properties and good 
mechanical robustness. However, a potential show-stopper with 
any metal-based PEMFC stack component is surface corrosion, 
and the current drive to increase the operating temperature of the 
stack will only exacerbate this problem. Corrosion of the bipolar 
plate leads to a release of metal ions that can contaminate the 
electrolyte membrane and poison the electrode catalysts, thereby 
exaggerating the long-term degradation issues with PEMFC 
stacks. In addition, the formation of a passivating oxide or oxy- 
hydroxide layer on the surface of the metal tends to increase 
the contact resistance between the bipolar plate and the adjacent 
carbon gas diffusion layer, often by many orders of magnitude, 
which both limits the amount of power that can be generated by 
the stack and serves as an additional source of heat that must be 
removed during operation. 

Various schemes have been investigated for protecting metal- 
lic bipolar plates, most of which rely on a thin, inert yet 
electrically conductive coating such as diamond-like carbon 
or titanium nitride [12-14]. However, there are a number of 
practical problems with deploying a surface coating strategy, 
including the unintended incorporation of flaws during process- 
ing, concerns with handling damage (chipping and scratching) 
during subsequent manufacturing steps, poor adhesion between 
the coating and underlying substrate during stack assembly, and 
the additional costs associated with the coating process. Desir- 
able is a bipolar plate material that incorporates the advantages of 
metal, but undergoes little or no corrosion and is not susceptible 
to the manufacturing issues associated with coatings. 

Recently, we reported on the electrochemical properties of 
niobium-clad stainless steel (Nb-clad SS) for potential use in a 
new clad PEMFC bipolar plate material concept [15]. Test results 
demonstrated that the concept is electrochemically viable, i.e. 
it affords excellent corrosion stability under an accelerated ver- 
sion of simulated stack conditions, while allowing material costs 
to be minimized by incorporating the passivating Nb as a thin 
layer roll clad to a more robust steel sheet. To date, testing has 
been conducted only on as-rolled, flat samples; the work needs 
to be validated on material in an as-formed condition that is rep- 
resentative of a prototypic metal PEMFC bipolar plate. Prior to 
this, the forming properties of the material must be evaluated. 
For example, a common technique currently employed in the 


manufacture of both PEMFC and solid oxide fuel cell (SOFC) 
monolithic metal components is progressive stamping. However, 
there are a number of sheet-metal properties that must be charac- 
terized before considering the Nb-clad material for bipolar plate 
design and subsequent fabrication via stamping, including yield 
stress, elongation, anisotropy, residual stress, formability, and 
springback [16]. Presented here is an initial evaluation of the 
tensile and bend properties of the Nb-clad SS material currently 
under consideration for PEMFC stack application. 


2. Experimental set-up 


The characterization studies were conducted on Nb-clad 
304L SS sheets fabricated via roll bonding by Engineered Mate- 
rials Solutions Inc. (EMS; Waltham, MA). As listed in Table 1, 
two different ratios of Nb to SS and two different thermome- 
chanical conditions, as-rolled and annealed, were investigated. 
Annealing was conducted in high vacuum at 982 °C (1800 °F) 
for 15 min at EMS. Prior to characterization, the sheets were 
degreased by ultrasonically cleaning in acetone and methanol 
followed by rinsing with distilled water. 

Specimens used in quasi-static tensile tests were cut from the 
clad metal sheets along three different angles to the direction 
of roll bonding, 0 =0°, 45° and 90°, as schematically shown in 
Fig. 1. The tests were performed according to the ASTM E8- 
04 [17] using an MTS universal test machine. During testing, 
the specimens were loaded in tension at a constant strain rate 
of 0.05 min! (under a strain controlled condition) to the point 
of rupture. A calibrated load cell and extensometer were used, 
respectively, to record changes in the applied tensile force and 
the length of the specimen during each test. 

Bend tests were conducted according to the ASTM E290-97a 
[18] for three-point bending using specimens measuring 57 mm 
in length and 20mm in width. The specimens were cut from 
the clad metal sheets along two different angles to the rolling 
direction, 0 =0° and 90°. In addition, the specimens were tested 


Rolling direction 


«+ 


6=0° 0=45° 


0=90° 


Fig. 1. A schematic of the specimen preparation direction with respect to the 
rolling direction. 
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under two different orientations with respect to the Nb cladding, 
i.e. with the Nb facing outward to the bend (denoted as Nb-out) 
and the Nb facing inward to the bend (denoted as Nb-in). Shown 
in Fig. 2(a) is a schematic of the experimental set-up for the tests. 
The distance between the supports, C, is defined by the ASTM 
E290-97a as: 


C=2r+3t+0.5t (1) 


where r is the radius of the mandrel and supporting rollers and 
t is the thickness of the sheet specimen. The distance C was 
selected to be C=2r+3.5t in this investigation. 

Testing was performed by applying a vertical force F via 
the mandrel midway between the two supports. This force and 
the vertical displacement of the mandrel were recorded as a 
function of time, respectively, using a calibrated load cell and 
LVDT. As seen in Fig. 2(a), a half bend angle a/2 forms between 
each leg of the specimen and the horizontal reference axis. Thus 
for the dimensions of a given test fixture there is a maximum 
bend angle that can be achieved, which is defined as the operation 
limit angle, ay. 

During initial testing, the specimens were bent to two dif- 
ferent bend angles ~@=q,/2 and ay, in the three-point bend test 
fixtures. To achieve a third bend angle of œ = 180°, the specimens 
bent to œ =æ, were further deformed by applying force against 
the ends of the specimen with a spacer inserted within the bend, 
as schematically shown in Fig. 2(b). As specified by ASTM 
E290-97a, the thickness of the spacer was equal to twice the 
radius of the mandrel in the three-point bend test [18]. Finally 
an extreme version of bend testing, a flattening test [18], was 
conducted to investigate potential failure mechanisms in the 
materials. This test was performed by placing specimens bent 
to æ = 180° between two parallel platens and pressing to a verti- 
cal force per unit width of, F/w, of 60 KN m~ las schematically 
shown in Fig. 2(c). 

In the present investigation two test fixtures were employed, 
each with a different mandrel radius. Listed in Table 2 are the 
radii of the mandrels and the corresponding distances between 
the supports and the operation limit angles. The amount of 
springback in the bent specimens [i.e. the tendency to partially 
return to the original shape because of the elastic recovery [19] 
or Aq, as defined in Fig. 2(d)] was determined by comparing 
the maximum bend angle achieved during testing to that mea- 
sured in the specimen after removal from the test fixture. To 
measure the repeatability of the test, twenty annealed 5Nb-clad 
SS specimens (10 in the Nb-out orientation and 10 in the Nb-in 
orientation) were bent to œ =œ, with r=6.4mm. The standard 
deviations of the springback angles in this series of experiments 
were found to be 1.4 and 1.5% of the mean value of the results 
for Nb-out and Nb-in orientations, respectively. Given the high 
degree of repeatability, it was decided that only three specimens 


Table 2 

Experimental parameters employed in three-point bend testing 

r (mm) C (mm) ar C) 
3.2 7.3 124 


6.4 13.7 144 


(a) F 


Specimen 
t 


Mandrel al2. 


Supporting rollers 


(b) F/2 F/2 


Spacer 2r 


Pre-bent specimen 


F/2 F/2 


© F/2 F2 


Specimen 


t 4 


F/2 FP 


(d) 


Fig. 2. Schematic of the experimental set-ups employed in: (a) the three-point 
bend tests, (b) the 180° bend tests, and (c) the flattening tests. (d) A schematic 
of springback in a bent specimen. 
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were needed to characterize each material condition in subse- 
quent bend testing, with the mean value of Ag reported for each 
group in the final analysis. 

Microstructural analysis of the clad metal specimens prior 
to and after bend testing was conducted on planar and polished 
cross-sectioned samples using an Axiovert-25 optical micro- 
scope and a JEOL JSM-S900LV scanning electron microscope 
(SEM) equipped with an Oxford energy dispersive X-ray anal- 
ysis (EDX) system that employs a windowless detector for 
quantitative detection of both light and heavy elements. In order 
to avoid electrical charging on the samples, they were gold 
coated and grounded. Elemental profiles were determined across 
the joint interfaces in the line-scan mode. 


3. Results 
3.1. Tensile properties 


Shown in Fig. 3(a and b) are the nominal stress-strain 
curves of the as-rolled and annealed 10Nb-clad SS material 
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Fig. 3. Stress—strain curves of the 1ONb-clad SS specimens in: (a) the as-rolled 
condition and (b) the annealed condition. 


Table 3 


Effective mechanical properties of the 5Nb- and 1ONb-clad 304L SS sheet materials in the as-rolled and annealed conditions 


R 


Uniform elongation (%) Total elongation (%) 


6 Elastic modulus (GPa) 0.2% yield Stain hardening Ultimate tensile 
exponent 


Heat treatment 


Material 


strength (MPa) 


stress (MPa) 


0.38 


2.13 
1.09 


0.95 
1.02 
1.56 


27.91 


1472.7 


N/A 
N/A 
N/A 


1457.3 


287.6 
320.9 
299.4 
302.3 


0 
45 


D 
fr 
= 


1407.6 


1338.7 
1443.3 


As-rolled 


0.31 
0.07 
1.78 
2.22 
0.67 


1.21 


2.68 
31.80 
30.93 


1539.3 
597.9 
631.9 


0.246 
0.246 
0.278 
N/A 
N/A 


205.5 


0 
0 
45 
90 
0 
45 


5Nb-clad 304L SS 


27.94 
32.07 
1.18 
1.30 
1.16 
29.62 
29.63 


242.8 


292.6 
312.7 
241.1 


Annealed 


38.85 
1.79 
2.69 


647.4 
1338.1 


1364.2 


257.7 
1284.2 


1309.1 


240.4 
258.4 
271.8 


As-rolled 


1.26 
33.10 
35.35 


34.38 


1477.5 
638.2 
609 


1401.5 N/A 
253.7 0.259 


90 
0 


10Nb-clad 304L SS 


1.28 
1.36 


0.259 


251.3 


233.4 
262.5 


45 


Annealed 


31.49 


618.1 


0.273 


272.8 


90 
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as tested along, 45° to, and perpendicular to the direction of 
rolling (9@=0°, 45° and 90°, respectively). The shapes of the 
stress-strain curves for the SNb-clad SS material in the as-rolled 
condition and annealed conditions were found to be quite sim- 
ilar to those of the 1ONb-clad SS in the as-rolled condition and 
annealed conditions, respectively. Data from all 12 tests are sum- 
marized in Table 3. Also listed are the anisotropy parameters Rg 
(0=0°, 45° and 90°) for each material/thermomechanical con- 
dition, where Ra = 1 denotes isotropy in the material. Note that 
the strain hardening exponent, n, is calculated only for the spec- 
imens which do not contain the effect of work hardening [20]. 
As anticipated, the results indicate that annealing significantly 
improves ductility and softens the Nb-clad SS material by allow- 
ing it to thermally recover from the cold worked state of the 
as-rolled condition. Rg values of 1-2 are not surprising given 
that stainless steel makes up 90-95 (v/o) of the clad material 
and an average anisotropy parameter for stainless steel ranges 
from 1.3 to 1.8 [19]. In general, the annealed 1ONb-clad material 
displays a slightly improved set of elongation and strength prop- 
erties relative to the annealed SNb-clad material (~ 10% higher 
in both cases). The two as-rolled materials exhibit elongations 
that are likely too low for practical use in the PEMFC bipolar 
plate application. 


3.2. Bend properties 


Results from bend testing also demonstrate the significant 
effect of annealing on the mechanical properties of the Nb-clad 
SS materials. An example is given in Fig. 4, in which plots of 
vertical load per unit width, F/w, up to «œ = 0.5 ay are shown as a 
function of mandrel displacement for the as-rolled and annealed 
10Nb-clad SS specimens (for r=3.2 mm and 0 = 90°). As seen 
in Fig. 4, the annealed specimens display significantly softer 
behavior than specimens in the as-rolled condition. The same 


10 
10Nb-clad SS, 6=90°, 7=3.2 mm 


8 As-rolled, Nb-in ‘ 


As-rolled, Nb-out 


4 Annealed, Nb-in 


Vertical load per unit width (kN/m) 


Annealed, Nb-out 


1 2 
Vertical displacement of the mandrel (mm) 


Fig. 4. The histories of the vertical load per unit width up to a=0.5ay as a 
function of the vertical displacement (positive in downward direction) of the 
mandrel for the as-rolled and annealed 10Nb-clad SS specimens (r=3.2 mm 
and 0 = 90°). 


trend is observed in the springback data. Plotted in Fig. 5(a—d) 
are measurements of the springback angle Aq as a function of 
the bend angle œ for the four material conditions studied. A 
quick comparison of the results obtained for the as-rolled and 
annealed conditions of each material type shows that springback 
is significantly reduced by annealing. Interestingly, in the as- 
rolled condition there is little effect of specimen orientation (Nb- 
in versus Nb-out) or the angle 0 between the bend and rolling 
directions on the bend properties of either clad material. While 
0 also has little effect on springback in the annealed specimens, 
material orientation plays a significant role. 

In a work-hardening material, the degree of springback 
depends approximately on two factors: the elastic modulus of 
the material and the induced flow stress [20]. Therefore, the lack 
of dependency of springback on 0 observed in for the as-rolled 
specimens in Fig. 5(a and c) is reasonable, since elastic modu- 
lus is independent of thermomechanical condition and the yield 
strengths of comparable specimens tested under the three values 
of @ are not significantly different, as seen in Table 3. Simi- 
larly, the degree of springback is approximately constant for the 
annealed specimens, regardless of 0. 

However, note that once the SS core has been softened via 
heat treatment, material asymmetry (i.e. material orientation in 
the bend test) exerts an appreciable effect on springback. Con- 
versely, springback in the as-rolled material is independent of 
material orientation. The difference in behavior can be attributed 
to the state of work hardening in the SS core. During rolling 
the 304L SS undergoes a greater degree of hardening than the 
Nb cladding, based on the strain hardening parameters of each 
material [21]. As a result, the thick, hardened core dominates 
the clad material’s mechanical response in bending, relative to 
the far thinner, metallurgically softer cladding layer. When the 
original non-hardened state of the clad is recovered by anneal- 
ing, flow stresses in both constituent materials are low. Upon 
bending, the two materials are strained and eventually the flow 
stresses in both build as they undergo plastic deformation. In 
this way, the location of the cladding layer during bend testing 
(i.e. on the inner radius or outer radius of the bend) affects the 
amount of strain and therefore flow stress in the niobium. This 
subsequently impacts the degree of springback measured in the 
overall clad material. 


3.3. Microstructural analysis 


Cross-sectional back scattered electron images of the as- 
rolled and annealed 1ONb-clad SS materials are shown, 
respectively, in Fig. 6(a and b). It is apparent from Fig. 6(a) that 
roll bonding yields a metallurgical bond between the cladding 
and underlying core evidenced by a non-diffuse interface and no 
interfacial porosity. For the as-rolled Nb-clad SS material, only 
a few intermetallic phase inclusions were observed along the 
interface. Results from EDX characterization demonstrate only a 
minor amount of iron diffusion into the niobium cladding during 
rolling. Spot chemical analyses at the points indicated in Fig. 6(a) 
are provided in Table 4. As listed in Table 4, diffusion is limited 
toa ~1 um thick region on either side of the bondline. However, 
Fig. 6(b) shows that in the vacuum annealed specimen a micron 
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Fig. 5. Springback angle, Aq, as a function of the bend angle a (with r= 3.2 mm) for: (a) the as-rolled SNb-clad SS, (b) the annealed SNb-clad SS, (c) the as-rolled 
10Nb-clad SS, and (d) the annealed 10Nb-clad SS. The measurement uncertainty of the springback angle is +1°. 


thick intermetallic layer exists along the entire interface between 
the Nb cladding and underlying SS core. Chemical analyses at 
the points indicated in Fig. 6(b) are given in Table 5. Specifically 
the results of point 3 in Fig. 6(a) and point 4 in Fig. 6(b) suggest 
that a chromium-nickel substituted form of the iron—niobium 
n-phase Fe2Nb3 [22] is likely the compound present at both 
interfaces. Elemental line scans of niobium, nickel, iron, and 
chromium across the clad/core interface shown in Fig. 6(c and 


Table 4 
Chemical analyses at the points indicated in Fig. 6(a) 


Points Composition (at%) 

Fe Cr Ni Mn Si Nb 
1 69.74 18.93 9.19 1.98 0.46 0 
2 69.77 18.60 9.79 1.84 0 0 
3 39.95 9.32 4.09 0.87 0.63 45.14 
4 1.20 0 0 0 0 98.80 
5 0 0 0 0 0 100 


d) confirm these results. Transition metal y-phase compounds 
are known to cause embrittlement problems in heat treated alloys 
and brazed or welded joints [23]. 

In the PEMFC application, the primary corrosion concern is 
failure of the Nb cladding, which would expose the SS core to 
the low pH environment of the cell. The chances of this happen- 
ing are more likely when the Nb is placed under tensile stresses, 


Table 5 
Chemical analyses at the points indicated in Fig. 6(b) 


Points Composition (at%) 

Fe Cr Ni Mn Si Nb 
1 69.30 18.90 9.50 1.86 0.44 0 
2 70.18 18.50 9.15 2.16 0 0 
3 64.34 19.96 8.73 1.74 0 5.52 
4 37.85 8.82 4.07 0 0.52 48.74 
5 0.87 0 0 0 0 99.13 
6 0 (0) 0 0 0 100 
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Fig. 6. Cross-sectional secondary electron images of: (a) the as-rolled and (b) annealed 10Nb-clad SS. Elemental line scans of niobium, nickel, iron, and chromium 


across the clad/core interface of (c) the as-rolled and (d) annealed 10Nb-clad SS. 


i.e. when sheet bending occurs in the Nb-out orientation. Shown 
in Fig. 7(a and b) are cross-sectional optical micrographs of the 
10Nb-clad SS specimens in the as-rolled and annealed condi- 
tions, respectively, after bending to a = 180° (r=3.2 mm) in the 
Nb-out orientation. It is apparent that neither sample exhibits 
surface or interfacial failure under these conditions. In general, 
none of the specimens listed in Table 1 that were tested to a 
maximum bend angle of 180° displayed any signs of failure or 
incipient failure during bend testing. However, when the speci- 
mens were then flattened, two different types of material failure 
were observed. 

Shown in Fig. 8(a and b) are cross-sectional optical micro- 
graphs of the as-rolled and annealed SNb-clad SS specimens, 
respectively, after flattening in the Nb-out orientation. As seen 
in Fig. 8(a), the as-rolled specimen undergoes fracture localized 
at the bend tip due to low ductility. The cladding is cracked 
and peeled from the underlying SS core. In addition, the cracks 
extend into the core. The cracks observed inside the bend 
in Fig. 8(a) are likely due to tensile stresses induced by the 
springback of the as-rolled specimen during unloading. Similar 
observations were made in the as-rolled, Nb-in oriented speci- 


mens. On the other hand, the flattened annealed specimens do 
not crack, but instead undergo a ductile form of failure. As seen 
in Fig. 8(b), de-bonding begins to occur along the clad/core 
interface due to interfacial pore formation. Localized necking 
is apparent in the Nb layer near the bend tip, which in several 
places is sufficiently extensive to form through-thickness gaps 
in the cladding. 

A higher magnification image of region A in Fig. 8(b) is 
shown in Fig. 9(a). It is clearly seen that the pores are found 
solely in the interfacial intermetallic layer, are periodically 
spaced ~5 um apart, and have begun to grow into the adja- 
cent Nb and SS layers. As shown schematically in Fig. 9(b—d), 
eventual failure of the Nb cladding in the Nb-out orientation 
is suspected to occur in stages as the imposed strain state in 
the material reaches a critical level. In the initial stage of bend- 
ing, Fig. 9(b), none of the layers, clad, interfacial, or core, has 
reached a sufficiently high state of strain to cause imminent brit- 
tle fracture (in the intermetallic layer) or ductile necking (in 
the cladding layer). As bending progresses, Fig. 9(c), the strain 
within the intermetallic layer eventually reaches that required for 
brittle fracture, causing a series of cracks to form that essentially 
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Fig. 7. Cross-sectional optical micrographs of the 10Nb-clad SS specimens in: 
(a) the as-rolled and (b) annealed conditions after bending to angle of œ = 180° 
(r=3.2 mm) in the Nb-out orientation. 


relieve the stresses in this material. The flow stresses within Nb 
layer remain low enough that the imposed strain can be accom- 
modated without necking. In the final stage of bending, Fig. 9(d), 
stress concentration begins to take place in both the Nb and SS 
materials at the tips of the cracks, causing an increasing level of 
plastic deformation to take place. With respect to the Nb layer, 
this induces localized straining or necking to occur and even- 
tual through-thickness failure. The mechanism is similar to that 
reported by Matsumoto et al. [24] for annealed Al-clad Mg-Li 
alloy plate under bending. 


Outside of the bend 


Fracture 


Nb cladding 


Fracture 


5Nb-clad SS, as-rolled, @=90° 
Flattened 


Outside of the bend 


Failure 


Nb cladding 


Fig. 8. Cross-sectional optical micrographs of: (a) the as-rolled and (b) annealed 
SNb-clad SS specimens after flattening in the Nb-out orientation. 


Both brittle fracture of the work-hardened Nb layer in the as- 
rolled materials and ductile necking in the annealed clad metal 
sheets will negate the effectiveness of the protective cladding 
in the PEMFC bipolar plate application. Thus, it is important 
to understand the potential mechanical limitations applicable to 
the stamping, bending, and other forming operations that will 
be employed in fabricating the final clad metal plate. Results 
from the present study indicate that: (1) annealing is necessary 
to control the amount of springback that material displays dur- 
ing forming and to mitigate possible fracture in the cladding and 
(2) once annealed, the material can be bent extensively during 
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Fig. 9. (a) A secondary electron image of the region A in Fig. 8(b). (b—d) A schematic of the failure mechanism of the annealed specimen in the Nb-out orientation. 
(b) No failure occurs: none of the materials reaches the strains necessary for brittle fracture or necking. (c) The strain of the intermetallic layer reaches that required 
for fracture, while that in the cladding is sufficiently low that the Nb accommodates it without necking. (d) The cracks open forming pores between the Nb and SS 
layers and inducing localized necking in the Nb layer. Subscripts im, im_f, Nb, and Nb_UTS represents intermetallic layer, intermetallic layer at fracture, Nb layer, 


Nb layer at UTS, respectively. 


stamping, however plate design features requiring complete flat- 
tening generally should be avoided. As a follow-up to this work, 
formability studies will be conducted on the annealed Nb-clad 
SS materials and the effects of sheet deformation on electro- 
chemical properties will be examined via polarization testing 
and contact resistance measurements. 


4. Conclusion 


The quasi-static tensile test results indicate that annealing sig- 
nificantly improves the ductility of the Nb-clad 304L SS sheet 
material. Bend test results show that for the as-rolled material 
springback is essentially independent of bend direction and spec- 
imen orientation. The annealed specimens exhibit significantly 
less springback, the magnitude of which is dependent on whether 
the Nb cladding layer is in compression (i.e. on the inside of 
the bend) or in tension (i.e. on the outside of the bend). This 
dependency indicates that the asymmetry of the clad material 
exerts an appreciable effect on springback when the material 
has been softened via annealing. Microstructural analysis of the 
specimens indicates that depending on the original thermome- 
chanical condition of the material two failure conditions can 
potentially occur, both under the extreme bending condition 
of flattening. Failure of the as-rolled material takes place via 


fracture through the work-hardened Nb cladding layer whereas 
that in the annealed material originates in an intermetallic layer 
that forms between the Nb and SS during the annealing pro- 
cess. Because this micron thick layer is brittle, it eventually 
fractures into a series of periodically spaced cracks that with 
further bending form pores which initiate necking and eventu- 
ally through-thickness failure in the Nb cladding layer. These 
results suggest that annealing is required to induce sufficient 
ductility in the material that it can be plastically formed into 
a PEMFC bipolar plate. In addition, the flow channel dimen- 
sions of the plate should be designed to avoid extreme levels of 
strain at the cladding/core interface during stamping and thereby 
mitigate the potential for crack/pore formation within the 
material. 
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